T he characteristics of two techniques of face-mask induction of des¯urane anaesthesia (rapid or slow) were compared with the effects of slow iso¯urane induction in ®ve New Zealand White (NZW) rabbi ts. Slow induction used stepwise increments in vapour setting of 2% for des¯urane and 0.5% for iso¯urane at 30 s intervals. All anim als were anaesthetized using each technique according to a random ized block design with one week between treat ments. Observat ions were made of the qualit y of induction (any struggling or periods of apnoea) and the latency to, and the durat ion of loss of the righting and toe pinch re¯exes recorded. Changes in respiratory rate, arterial blood gas and cardiovasc ular parameters were also recorded. Induction and recovery tim es were shorter with rapid des¯urane induction in comparison to iso¯urane (loss of righting re¯ex: 139 27 s cf. 205 48 s), but both techniques were associated with struggling and long periods of apnoea ( > 1 min) during the ®rst 4 min after administrati on. During this period a signi®cant degree of bradyc ardia, hypercapnia and hypoxaemia occurred with both techniques, but these and the subsequent effects of rapid des¯urane administration were less severe than with iso¯urane. Slow induction with des¯urane was tolerated best, with littl e or no deleterious behavioural or physiological effects, however excessively prolonged induction times (loss of righting re¯ex 337 160 s) limits the application of this method. Des¯urane, administered rapidly, appears to be a more suitable agent than iso¯urane. However, as with iso¯urane, anaesthesia should only be induced following oxygen supplementat ion.
A major advan tage of the use of modern inhalational anaesthetics compared with injectable agents is that animals generally regain consciousness more rapidly, thus stress and risk of injury during ataxic episodes are reduced. Although anaesthesia with some injectable agents, such as propofol, is also associated with rapid recovery, this agent is unsuitable as the sole anaesthetic agent in rabbits, as apnoea occurs before the onset of surgical anaesthesia (Glen 1980) . Unfortunatel y, induction of anaes-thesia with some volat ile anaesthetics is associat ed with adverse effects in rabbits. Halothane, iso¯urane and sevo¯urane have been found to be tolerated badly in these animals (Fleck nell e t a l. 1995 , Flecknell & Liles 1996 . Rabbi ts struggled violently whether placed into an induction chamber or when anaesthesia was induced using a face mask. Inhalation of anaesthetic was also associated with prolonged periods of apnoea, resulting in bradyc ardia and subsequent hypercapnia and respiratory acidosis.
Des¯urane is a non-¯ammable¯uorinated methylethylether (CF 3 CHF-O-CHF 2 ) with litt le odour (Doorley e t a l. 1988 ). It has a vapour pressure of approximately 700 mmHg at 22 C, and a boiling point of 23.5 C, which necessitates the use of a pressurized or cooled vaporizer, in order to achieve constant concentrations. T he potency of des¯urane (as measured by the MAC 50 ) is one-®fth that of iso¯urane in humans (Young & Apfelbaum 1995) . T he MAC 50 for des¯urane in NZW rabbits was reported as 8.9 0.3 atm % (Doorley e t a l. 1988 ). T he relati vely low blood-gas partition coef®cient (0.42 ) of this agent results in a very rapid induction of, and recovery from anaesthesia in rat s (Eger & Johnson 1987) and in humans, where recovery from des¯urane anaesthesia is almost twice as rapid as when using sevo¯urane (Eger e t a l. 1997 , Beaussier e t a l. 1998 . Like iso¯urane, des¯urane undergoes little biotransformation, and recovery is largely due to elimination of the agent via the respirat ory tract. Although des¯urane commonly causes coughing on induction of anaesthesia in man (Eger 1992) , in mice it seems to cause less disturbanc e and irritat ion during induction compared with iso¯urane (Whelan, personal communication). T hese characteristics make des¯urane a potentially useful anaesthetic for use in rabbits. T he present study was therefore undertaken to assess the suitability of two techniques for induction of anaesthesia in rabbits with des¯urane, by comparing the characteristics of induction with those established for iso¯urane, a volati le agent that is commonly used for anaesthesia in this species.
Materials and methods

Anim a ls
Five young adult female NZW rabbits with a body weight of 1.5 0.1 kg (m ean 1SD ) were obtain ed from a commercial supplier and were free from recognized respiratory pathogens (Pa ste ure lla m ul to c id a , Bo rde te lla b ro nch ise ptic a , Myxo m a to sis, RCD ). T he rabbits were¯oor housed in groups on dustfree shavings (`gold shavings', SDS, Whitham , Essex, UK) and autoclaved hay. T hey were fed a commercial pelleted diet (Rabm a pellets, Special Diets Services, Whitham, Essex, UK) and water a d lib itu m . Stocking density was one animal per 6000 cm 2 . Room temperature was maintained at 18 1 C, relative humidity was 50% , with 18 air changes per hour. T he anim als were acclimatized to dail y handling through weighing for 3 weeks prior to commencing the study. Body weight upon commencing the study was 2.2 0.1 kg (mean 1SD ). Anaesthesia was induced in each animal on three consecutive occasions with an interval of 7 days between each. Treatm ent order was determined using a randomized block design.
Appa ra tus
A Bain's circuit attac hed to a small rubber face mask (Alfred Cox (Surgical ) Ltd, Coulsdon, Surrey, UK) was used for induction of anaesthesia. T he mask was modi®ed to allow a cannula to be placed at the apex of the mask, close to the fresh gas inlet. T his was connected to an MR 11 respiratory monitor (Graseby Dynamics, Watford, Herts, UK) to monitor the respiratory rate. Isourane was delivered from an Isotec Mark III vaporizer (Cyprane, Keighley, Yorkshire, UK) and des¯urane from a temperature and pressure compensated vaporizer (Ohmeda Tech 6, Hat®eld, Herts, UK). Both agents were delivered in 100% oxygen at 4 l = min. Electrodes were placed on the skin on the medial aspects of the upper forelegs and left hindleg of the rabbits, and the electrocardiogram (EC G ) recorded using a standard three lead system connected to electronic monitoring apparatus (`Supermon' Kontron Ltd, St Albans, Herts, UK). T his apparatus was also used to record the art erial blood pressure from a cannula (22G , Intravalve, E Â couen, France) placed in the central ear artery. T he rabbi ts had local anaesthetic (EMLA, Astra Pharmaceutical Ltd, Kings Langley, UK) applied to their ears one hour before commencing the study to prevent any pain during placement of the`over-the-needle' catheters (Fleck nell e t a l. 1990 ). A second catheter was inserted into the other ear artery for blood gas analysis. Blood gas analysis was performed using a Stat Pro®le 3 (Nova Biomedical, Waltham , USA). All catheters and ECG leads were passed through a stockinette bandage, which was applied around the shoulders.
T he Kontron blood pressure module and the polygraph were interfaced to a microcomputer (Gateway P120, Gat eway 2000, Dublin, Ireland) via a CED 1401 analogue to digital laborat ory interface (Cambridge Electronic Design Ltd, Cambridge, UK) which enabled continuous storage of the blood pressure and ECG signals on the computer hard-disc using Spike2 software (Cam bridge Electronic Design Ltd, Cam bridge, UK). Dat a were captured with an acquisition frequency of 200 Hz.
Ind uc tio n te c h niq ue
T he anaesthetic circuit was¯ushed with oxygen at a¯ow rate of 4 l = min, for 2 min, to ensure that no residual anaesthetic agent remained in the system. After a 5±10 miǹ settling' phase, baseline param eters were recorded (respirat ory rate, heart rate, mean arterial blood pressure, blood sample taken anaerobically for blood gas analysis). Oxygen was then delivered, at a¯ow rate of 4 l = min for 2 min, with the face mask held in position manually. To enable ®rm restraint in the event that excessive struggling might occur, the operator lent over each rabbit, positioning one arm on either side of the body, with the lower bac k of the animal in apposition to the operator's body. T his method of restraint still enabled an observer to note periods of struggling or other signs of aversion and these observations were used to assess the qualit y of the induction of anaesthesia. Following pre-oxygenati on, induction of anaesthesia was with either iso¯urane or des¯urane, the latt er by one of two methods. Des¯urane was administered by either a rising concentration of anaesthetic vapour, beginning at 2% and proceeding with stepwise increments of 2% every 30 s, rising to a maxim um of 18% (`slow' induction), or by immediatel y administering the maximum concentration setting of the des¯urane vaporizer (18% ) (`rapid' induction). Iso¯urane induction was also achieved by the slow method, and pre-oxygenation was followed by a rising concentration of anaesthetic of 0.5% increments in vaporizer setting each 30 s. T he effects of rapid induction with iso¯urane were not examined since previous experience had shown that this technique resulted in im mediat e and prolonged apnoea, followed by violent struggling.
Depending on the induction method used on each occasion, the vapour concentration was either increased, or maintained until induction of anaesthesia was complete. T his was judged using the loss of both the righting and pedal withdrawal re¯exes and the onset of a regular pattern of respiration. T he tim es of these events were recorded. At each 2 min interval, a 0.5 ml blood sam ple was taken for blood gas analysis, and physiological parameters recorded (respiratory rate, heart rate and art erial blood pressure). Periods of apnoea were noted and 10 min following induction of anaesthesia the vaporizer was switched off and the anim al allowed to recover. T he tim es required for the return of the pedal withdrawal re¯ex and the righting re¯ex were noted.
On recovery, once the rabbit had regained the ability to perform the righting re¯ex and a strong pedal withdrawal response was elicited, the catheters and leads were removed. T he animal was then placed in an incubator at 25 C until fully recovered (ca. 15 mins). At the end of recording the Spike2 data records were inspected for any cardiac arrhythmias, and mean arterial blood pressure calculated as diastolic pressure ‡ (systolic 7 diastolic ) = 3. Heart rate was calculated by measuring the time required for 10 heart beat s on the Spike2 record.
Da ta pro c e ssing a nd sta tistic a l m e th o d s
Analysis of variance (ANOVA) was used to determ ine signi®cant variations in physiological status prior to the rabbits undergoing each induction technique (baseline data). All subsequent statistical analyses were performed using the GLM repeated measures option of the computer program SPSS (SPSS Inc. Chicago, Illinois, USA). A signi®cance level of P 0.05 was considered suf®cient to im ply signi®cant differences between treatment types and an automatic adjustment of probabilit y level was made (Bonferroni), this being dependent upon the number of individual comparisons made for each variable studied. T hese analyses distinguished the main effects of each technique, summarized by comparing mean calculations of the following parameters between groups using one-way repeated measures ANOVA.
(1 ) Tim e to loss of the pedal withdrawal and righting re¯exes, and recovery of the righting re¯ex after the vaporizer was turned off.
(2 ) Latency to onset of, and maxim um interval between breat hs during apnoea. T he results of these analyses are reported in the form [F (df1, df2 )ˆX, Pˆsig.], where df1 and df2 are the degrees of freedom of the numerator and the denominat or respectively. As these analyses used three separate comparisons to accommodat e all group pairs, calculations incorporated a po st-h o c adjustment of the probabili ty level (Bonferroni). Data for (3 )±(6 ) above were calculated over the total period during which both the pedal withdrawal and righting re¯exes were absent. All data are quoted as means ( 1SD ) for each parameter with ®ve individuals undergoing each treatm ent type.
Results
All animals showed an elevation in baseline heart and respiratory rat es. Tachypnoea was signi®cantly greater prior to slow des¯urane induction (349 22 bpm ) than either isourane (270 47 bpm, F (1, 5)ˆ20, Pˆ0.007) or rapid induction with des¯urane (300 40 bpm , F (1, 5)ˆ24, Pˆ0.005 ). Baseline heart rat es of 217 13 bpm (isourane), 235 24 bpm (rapid des¯urane) and 216 11 bpm (slow des¯urane) showed no signi®cant differences between groups, neither did any of the other physiological parameters. Placement of the face mask and administrat ion of oxygen did not cause any further signi®cant change in respiratory or heart rat es and no struggling occurred. Subsequently, exposure to des¯urane caused litt le or moderate aversion, the mean frequency of bouts of struggling behaviour being lowest during slow des¯urane induction (2) and slightly greater with des¯urane given rapidly (5 ). T his contrasted with the effects of iso¯urane, where excessive struggling in all animals (a mean of 14 escape attem pts) necessitated very ®rm restraint. Apnoea was ®rst noted within 60 s during both iso¯urane (42 21 s) and rapid des¯urane induction (44 16 s), but was considerably more variable during slow induction with des¯urane (302 296 s).
After a variable duration of between 18± 75 s for iso¯urane and 14±190 s for rapid des¯urane, a second breath was taken, followed by further periods of apnoea. T his period was less variable for slow des¯urane (13±42 s), however the maximum recorded period of apnoea was not signi®cantly different between induction techniques (39 22 s, iso¯urane; 72 67 s, rapid desurane; 25 11 s slow des¯urane). Loss of the righting re¯ex occurred sig-ni®cantly lat er during iso¯urane induction in comparison with des¯urane given rapidly (205 48 s c f. 139 27 s (F (1, 5)ˆ18.2, Pˆ0.008 ). Data were considerably more variable during slow induction with desurane (337 160 s). At these time points the vaporizer settings for each slow method of induction had reached 6% for des¯urane and 3.5% for iso¯urane. Loss of the pedal withdrawal re¯ex was signi®cantly more prolonged with des¯urane given slowly (1150 200 s) than with either rapid desurane (230 30 s; (F (1, 4)ˆ126, P < 0.001 ) or iso¯urane (390 160 s; F (1, 4)ˆ120, P < 0.001 ). Vaporizer settings at these times were between 12±14% for slow des¯urane and 5% for iso¯urane. No differences were detected between the times required for the return of the righting re¯ex after the vaporizer was switched off, these being 202 36 s and 222 21 s for rapid and slow des¯urane respectively, and 177 40 s for iso¯urane.
Respiratory rat es showed a similar decline during the ®rst 2 min of induction with rapid des¯urane (2 5 bpm ) and iso¯urane (11 13 bpm ) with no signi®cant differences between these groups. Respiratory rates then steadily increased to ca. 55 20 bpm in both groups over the subsequent 6 min (Fig 1) . Slow induction with des¯urane caused a more progressive decline in respiratory rate with a minimum of 41 12 bpm recorded at 16 min of anaesthesia.
Pre-oxygenation increased baseline PaO 2 values from 13 to between 50±60 kPa in all groups. Over the ®rst 4 min of iso¯urane induction arterial PaO 2 fell to a low of 20 17 kPa, a signi®cantly greater reduction than occurred with the fast des¯urane induction method in which PaO 2 values reached a low of 44 7 kPa at the sam e time point (F (1, 5)ˆ12, Pˆ0.018 ) (Fig 2) . Again the effects of slow des¯urane induction were comparativel y minimal with a small and very gradual reduction in PaO 2 to 52 1 kPa recorded upon completion of anaesthesia (28 min). Blood PaCO 2 levels increased over the ®rst 4 min during both iso¯urane and rapid induction with des¯urane, re¯ecting changes in respiratory rate, with a maxim um of 8.6 1 kPa recorded during iso¯urane induction being signi®cantly greater than 7.4 1 kPa during fast des¯urane induction (F (1, 5)ˆ14.6, Pˆ0.012) (Fig 3) . Arterial PaCO 2 also showed little change during slow des¯urane induction, with a maximum of 5 0.5 kPa recorded at 16 min being sig-ni®cantly lower than in either the iso¯urane or rapid des¯urane groups (F (1, 5)ˆ25.5, P < 0.005 ). Blood pH values were normal in all anim als prior to induction (7.5 ) and fell to 7.3 0.1 after 4 min of induction with rapid des¯urane and 7.2 0.0 after 6 min of isourane (Fig 4) . T hese changes were not sig-ni®cant (P > 0.1 ). As with the other physiological measurements, no appreciable change in pH was observed during slow induction with des¯urane.
During early induction a reduction in heart rates occurred to a minimum of 185 40 bpm within 2 min of rapid desurane and 145 69 bpm after 4 min of isourane ( Fig 5) . T his coincided with periods of = 0) , following pre-oxygenation (Ox.) and for samples collected at subsequent 2 min intervals throughout the duration of anaesthesia induced with either des urane (rapid and slow administration techniques) or iso urane apnoea. No signs of arrhythmia were present in either group during this period, and no signi®cant differences were found between these groups. Following this, heart rates increased to 296 22 bpm (rapid des¯urane) (tˆ12 min) and 262 38 bpm (fast desurane) (tˆ10 min). In the slow des¯urane group heart rate also showed litt le, or a more progressive change, with rates slowly increasing throughout induction to a maximum of 279 32 bpm after 26 min of anaesthesia. Mean arterial blood pressures were 63 9 mmHg (iso¯urane), 67 8 mmHg (rapid des¯urane) and 76 10 mmHg (slow des¯urane) prior to induction (Fig 6) . Following pre-oxygenation these rose to ca. 100 mmHg in all groups within 4 min of induction, and subsequently fell after induction of anaesthesia to lows of 55 11 mmHg in the iso¯urane group and 46 12 mmHg during rapid des¯urane (tˆ8 min) with no signi®cant differences between these groups. No appreciable changes occurred in the slow des¯urane group in the early stage of induction of anaesthesia, with MAP remaining comparatively constant, but blood pressure fell after loss of the withdrawal re¯ex (22 min).
Discussion
As in previous studies (Flecknell e t a l. 1995 (Flecknell e t a l. , 1996 (Flecknell e t a l. , 1998 , this study shows that rabbits appear to resent mask induction with isourane, as expressed by violent struggling and periods of apnoea. T his results in marked reductions in arterial PaO 2 , but due to preoxygenation, hypoxaem ia did not occur. Had the rabbits not received oxygen, we suggest that marked hypoxaem ia could have developed. As in previous studies, breat h-holding produced a moderat e bradycardia, elicited by the`diving re¯ex' (Ferrigno e t a l. 1986 ), as well as signi®cant hypercapnia and acidosis. T his re¯ex may be caused by a mechanism similar to that involved in the`divi ng re¯ex' described in humans, where bradycardia occurs in normoxic or hypoxic subjects, but not in those showing hyperoxia (Moore e t a l. 1973, Bjurstrom & Schoene 1987 ) . T he neural pathways and mechanisms involved in rabbits do not appear to have been investigat ed, so it is uncertain whether the bradycardia would be more profound in hypoxic (i.e. non pre-oxygenated) animals. T hese effects are undesirable, and may contribute to the general view that anaesthetizing rabbits is both dif® cult and carries a higher risk of complications. Aside from the effects on circulation and respiration, the risk of injury caused by serious struggling must also be considered. Struggling can be prevented by the use of a tranquillizer or a sedative, but apnoea still occurs (Flecknell e t a l. 1995 ) . Despite our previous reports concerning the likely adverse effects of induction of anaesthesia with iso¯urane in rabbi ts, this technique still remains common, both in veterinary clinical practice, and in biomedical research. One reason for this may be the relatively small numbers of animals in which the effect has been demonstrated in our previous studies. For this reason, we considered it justi®able to include a direct comparison of the qualit y of induction of anaesthesia with des¯urane and iso¯urane in this study. Aside from the need to con®rm our previous ®ndings, comparison of the effects of des¯urane with historical data would not allow for individual variations in responses to be incorporated into the statistical analysis. In summary, the present study, with its repeated measures design, con®rms that induction of anaesthesia with iso¯urane has adverse effects in rabbits.
In a biomedical research setting, where anim al welfare is of utmost importance, there are circumstances when pre-m edication is not feasible, because of potential interactions with particular research protocols, and anaesthesia must be induced and maintained with a volatile agent. T his study shows that des¯urane appears to be a more suitable agent than iso¯urane for induction and maintenance of anaesthesia in the NZW rabbit. Mask induction with des¯urane only caused mild struggling, even when anaesthesia was induced rapidly, and the onset of anaesthesia was faster than with iso¯urane. T he method of assessing the qualit y of induction of anaesthesia was somewhat subjective, and it was not possible to blind the observer to the treatm ent given. T his was due to the fact that the duration required for induction (depending on whether the fast or slow technique was in use) would have alerted the observer to the agent being tested. It was also not possible to disguise the procedure in use due to the distinctive odour of each of these vapours; some leakage from the face mask was inevitable during periods of struggling even though scavenging was used. Nevertheless, this assessment, coupled with the physiological dat a, supports the view expressed. It seemed, in this study, that desurane induction caused breath-holding of a similar magnitude to iso¯urane, alt hough the fall in art erial PaO 2 was not so severe. T he degree of hypercapnia was also less marked during rapid des¯urane induction than during iso¯urane induction. T his was probably due to a combination of faster onset of anaesthesia and less struggling during induction. Another possibility might be that brief periods of shallow hyperventilation were not detected by the respiratory monitor, and were mistak en for periods of apnoea. T his was noted in two rabbi ts during rapid induction with des¯urane and could explain the im proved PaCO 2 values, despite seemingly equal periods of breath-holding.
By slowly increasing the des¯urane concentration, it was possible to avoid many of the undesirable effects noted during isourane and rapid des¯urane induction. Struggling was absent or very mild, and the ®rst period of breat h-holding only occurred after several minutes. Bradyc ardia was mild during induction, followed by moderate tac hycardia during maintenance. Hypercapnia was mild during induction, and during maintenance PaCO 2 levels returned to normal. Mean arterial pressure did not change until induction was complete, when a moderate drop in pressure occurred. T he combination of tac hycardia and hypotension has also been reported during des¯urane anaesthesia in dogs and swine (Warlti er & Pagel, 1992 ) . Although slow induction resulted in minimal adverse effects, the slow onset of anaesthesia (mean 1150 200 s) lim its the application of this technique. Although it is unlikely to be considered practicable in a veterinary clinical setting, in certain research work, priority may be given to minimizing the aversive effects of induction, and reducing cardiovascul ar and respiratory effects.
T he effects of these volatile agents appear to differ in rabbits in comparison to man. In our earlier studies in rabbits, sevo¯urane was found to have effects similar to iso¯urane (Flecknell e t a l. 1998). T his differs from its effects in humans, in which single breath induction with high concentrations of sevourane are well tolerated. In contrast, desurane has a tendency to cause airway irritation, and concentrations of 6±8% can evoke coughing, breath-h olding, laryngospasm and salivat ion in humans (Eger 1992 ) , which makes it less suitable for induction than sevo¯urane in man (Young & Apfelbaum 1995) .
In summary, this study con®rms the adverse effects of induction of anaesthesia with iso¯urane in rabbits, and indicates that des¯urane is bett er tolerated than other volatile anaesthetic agents in this species.
